ABSTRACT: Modifications to a conventional laboratory testing system are described for direct shear testing of unsaturated soils at relatively low matric suction and net normal stress. Matric suction ranging from zero (saturated) to about 10 kPa is controlled using a hanging column assembly (ASTM D6836). Net normal stress ranging from about 0.3 to 10 kPa is controlled by directly applying dead loads to the specimen via a series of aluminum top caps machined to varying thicknesses. Precise control of suction and normal stress within these ranges makes the apparatus ideal for examining the shear strength behavior of unsaturated sands, which are characterized by relatively low air-entry pressures and for which the influences of matric suction on mechanical response can be subtle. Soil-water characteristic curves are concurrently obtained during the shear testing program by measuring transient and equilibrium pore water drainage under the imposed suction changes. Testing procedures and recommended protocols are described. Results from a series of tests using saturated and unsaturated specimens of poorly graded fine sand are presented to demonstrate application and performance of the system. Relationships between shear strength and matric suction are non-linear and exhibit peak shear strength at matric suction within the range of the air-entry suction. High friction angles measured for the portions of the failure envelope at low matric suction and normal stress may indicate the effects of dilation on the strength development.
Introduction
The mechanical and hydrologic behavior of unsaturated soils is governed by the magnitude of matric suction ͑͒, defined as the difference between the pore air pressure ͑u a ͒ and pore water ͑u w ͒ pressure ͓ = ͑u a − u w ͔͒. The shear strength behavior of unsaturated soils has been investigated by a number of researchers in the laboratory using triaxial (e.g., Escario 1980; Ho and Fredlund 1982) , direct shear (DS) (e.g., Escario and Sáez 1986; , and other forms of conventional soil testing equipment modified for control or measurement of matric suction. Measurements are typically made either for multiple subspecimens that have been identically prepared and brought to target levels of suction and net normal stress or for single specimens repeatedly brought to imminent failure along multistage stress paths. Behavior measured under various combinations of matric suction and net normal stress is analyzed to construct failure envelopes and extract corresponding material properties used to quantify the effective stress in unsaturated soil (e.g., Lu and Likos, 2004; 2006) .
Laboratory testing of unsaturated coarse-grained materials such as sands requires that the apparatus be capable of controlling matric suction and net normal stress at very small magnitudes and over a very small range. This is for two reasons. First, the relatively low air-entry pressure of sands (typically 0.5-2 kPa) requires precise control of small matric suctions so that water retention and strength behavior prior to and beyond the air-entry pressure may be effectively characterized. Second, because the range of suction over which primary drainage occurs is very small (typical sands are near fully drained at suctions less than about 50 kPa), the magnitude of intergranular stress induced by suction is also very small. Effectively measuring the influence of matric suction on shear strength for sands requires that net normal stress be maintained at magnitudes that are smaller than or comparable to the suction-induced stress so that its effects are not masked by a dominant total stress component. Many of the more common approaches for suctioncontrolled shear testing, including axis translation (e.g., Escario and Sáez 1986; or osmotic techniques (e.g., Dineen and Burland 1995; Delage et al. 1998; Boso et al. 2005) , are not ideally suited for the very low suction regime ͑Ͻ10 kPa͒ and thus are not effective for examining the behavior of unsaturated sands. Suction control by axis translation is generally most appropriate for suction ranging from about 1-500 kPa and thus is most applicable to testing sandy or silty materials or for coarse-grained materials with some component of fines. The upper limit of this range ͑ϳ500 kPa͒ is controlled by the air-entry pressure of typically available high-air-entry (HAE) pressure ceramics, equilibrium time constraints, and uncertainty regarding continuity of the water phase within the pendular saturation regime. The lower limit of this range ͑ϳ1 kPa͒ is controlled by the accuracy and precision to which air pressure may be regulated using typical laboratory equipment. Suction control by the osmotic technique is applicable over a comparably higher range, typically of the order of 100 kPa-10 MPa. Thus, the osmotic technique is generally most appropriate for testing finer-grained materials such as silts and clays.
Description of Apparatus
A commercial DS testing system (DigiShear System, GeoTac, Houston, TX) was modified for testing unsaturated sands at low suction and normal stress (Fig. 1) . Matric suction ranging from 0 (saturated) to about 10 kPa is controlled via direct control of negative pore water pressure by integrating a hanging column assembly, HAE ceramic disk, flushing ports, and an outflow measurement system into the base of the shear box. Net normal stress ranging from about 0.3 to 10 kPa is controlled by directly applying dead loads using top caps machined to varying thicknesses. Shear strength behavior and the soil-water characteristic curve (SWCC) describing the relationship between matric suction and degree of saturation ͑S͒ are concurrently obtained by shearing specimens at select increments along a drainage or sorption path.
Shear Box
The conventional system consists of a shear box split into upper and lower halves to confine a circular 6.35 cm diameter (2.5 in.) specimen, a carriage and bearing system to allow the top and bottom halves of the shear box to be displaced laterally, an automated stepper-motor loading jack for applying stress-or strain-controlled displacement to the bottom half of the box, and instrumentation for measuring horizontal displacement, vertical displacement, and mobilized shear force. The top half of the box is forced against a stationary ram with an integrated load cell to measure and records force to a precision of 0.2 N, which corresponds to a resolution in shear stress on the failure surface of about 0.06 kPa.
Key modifications to the system included the following: (1) The bottom half of the box was modified to accommodate a HAE ceramic disk, diffused air flushing ports, and volumetric pore water outflow measurement system; (2) a hanging column system (ASTM D6836 2008) was integrated in line with the outflow measurement system to directly apply suction head ͑h͒ to the specimen through the HAE disk; and (3) the original normal load application system (automated axial load jack) was removed so that relatively small normal loads could be applied by placing one of a series of aluminum cylinders machined to different thicknesses directly on top of the specimen. A LVDT centered on the top platen is used to measure vertical specimen displacements during shear. The LVDT (Macrosensors Model CD-375-1000) has a rod mass of 2.0 g and a precision of 0.005 mm. Figure 2 includes a schematic and photograph of the modified shear box. The bottom half was designed to accommodate a highflow HAE ceramic disk (0.5 cm thick) having nominal air-entry pressure of 0.5 bar ͑ϳ50 kPa͒, effective pore size of 6 µm, and saturated hydraulic conductivity ͑k d ͒ of 3.1ϫ 10 −7 m / s (Soil Moisture Inc., Santa Barbara, CA). The disk is seated directly on the base of the shear box and encircled with a circumferential O-ring such that a seal is maintained at three points: Between the O-ring and disk, between the O-ring and base plate, and between the O-ring and sidewall. This configuration minimizes leakage and provides uniform support to the disk, thereby reducing the potential for cracking and allowing sand specimens to be compacted and/or vibrated directly into the box (Wang and Benson 2004) . The disk may also be easily removed for inspection, cleaning, and for saturating it under vacuum prior to testing.
GEOTECHNICAL TESTING JOURNAL
Drainage grooves were machined into the bottom half of the shear box to form a water reservoir and a continuous circulation channel below the ceramic disk ( Fig. 2(b) ). Influent and effluent ports machined into the side wall of the box are used to saturate this channel during test initialization. If multistage testing is performed (e.g., , the channel may be flushed as necessary in between steps to remove air bubbles that may accumulate by diffusion through the ceramic disk. Flushing is accomplished by venting the effluent port and injecting de-aired water into the influent port using a manual syringe. A valve on the influent port is closed during shearing, and the effluent port is then connected to the hanging column assembly.
Normal load is applied by placing one of a series of aluminum top caps directly on the specimen. Shallow grooves are machined into the bottom surface of the top cap to provide a roughened interface with the soil. Multiple top caps were machined to different thicknesses having mass ranging from 0.025 to 2.8 kg. The magnitude of normal load on the failure plane is taken to include the weight of the top cap plus the self weight of the soil above the failure plane. Self weight is calculated from the total unit weight of the specimen taking into account the reductions that occur from desaturation. For a typical sand specimen with thickness ranging from 2.5 to 3.0 cm, normal stress on the failure plane from self weight ranges from about 0.20 to 0.30 kPa. Pore air pressure is assumed atmospheric ͑u a =0͒ such that the applied normal stress corresponds to the applied net normal stress ͑ − u a ͒. Shear and normal stresses used for analysis are calculated using the area of the failure surface corrected for the relative displacement of the shear box.
The top half of the shear box was machined from high-density polyethylene (HDPE) to minimize friction effects at the interface between the upper and lower halves of the box. Direct measurements of interface friction were attempted by measuring mobilized shear force for the apparatus prepared without soil present in the shear box, but it was found that the measured force was within the noise range of the horizontal load cell output. Alternatively, the shear resistance due to interface friction ͑ b ͒ may be estimated as (Bareither et al. 2008) 
where:
F n = applied normal force, ͑1−␣͒ = fraction of the normal force transmitted to the shear plane from load transfer into the box walls, W b = weight of the upper box (or buoyant weight for tests where the upper box is submerged),
A cb = contact area of the shear box interface, and µ b = interface coefficient of friction.
Using an average ␣ = 0.923 derived from load transfer tests using air-dried sands (Bareither et al. 2008) and considering the weight of the upper box ͑W b = 2.54 N͒, a coefficient of friction for HDPE-aluminum contact of µ b = 0.4, and box contact area A cb = 8.4ϫ 10 −3 m 2 , the estimated magnitude of shear stress attributable to interface friction ranges from 0.12 to 0.22 kPa. The lower limit of this range corresponds to the lowest normal loads typically applied; the upper limit corresponds to the highest normal loads typically applied. Corrections for interface friction were made in subsequent tests by subtracting an appropriate value within this range from shear stress calculated on the failure plane. For the range of shear stresses measured in tests presented subsequently, this correction amounts to about 1.5-2.5 % of the measured peak shear stress and thus was considered negligible for constructing corresponding failure envelopes.
Hanging Column System
A hanging column assembly (ASTM D6836) was integrated into the system to directly apply negative pore water pressure to the specimen. This apparatus consists of upper and lower reservoirs partially filled with water and connected by flexible nylon tubing as shown in Fig. 1 . The headspace of the lower reservoir is vented to the atmosphere. Suction head ͑h ͒ is induced in the headspace of the upper reservoir with a magnitude equal to the height of the hanging water column. An air-water interface located in the horizontal outflow tube transfers the vacuum in the air phase to negative water pressure in direct communication with the specimen through the saturated ceramic disk. Pore air pressure remains atmospheric ͑u a =0͒ such that matric suction ͑u a − u w ͒ is calculated directly from the magnitude of negative water pressure. Matric suction is taken as the difference in elevation between the two hanging column reservoirs plus the difference in elevation between the failure plane and the horizontal outflow tube. For all tests described subsequently using unsaturated specimens, the outflow tube was located 5 cm below the failure plane or an equivalent of 0.49 kPa of matric suction. The practical upper limit using the hanging column technique is of the order of 2-3 m of suction head or about 20-30 kPa. Suction is typically increased in a series of increments to generate outflow from an initially saturated specimen along a drainage path but may also be incrementally decreased such that the specimen imbibes water along a wetting path.
Outflow Measurement System
The volume of water expelled or imbibed by the specimen in response to applied suction is measured volumetrically by tracking the location of the air-water interface in the outflow measurement tube. This tube is a horizontally oriented small-bore tube ͑A c = 0.15 cm 2 ͒ attached to the fluid reservoir below the ceramic disk. Volumetric water content ͑ i ͒ corresponding to a given suction increment is (e.g., Tinjum et al. 1997 )
where: i−1 = water content corresponding to the previous increment, ⌬L = distance the air-water interface advanced when the suction was changed, A c = cross-sectional area of the outflow tube, and V = specimen volume.
Measuring outflow in this manner has advantages over gravimetric methods because the specimen does not need to be sampled or removed from the apparatus. Advances in the air-water interface ͑⌬L͒ can be resolved to approximately 0.1 cm, which corresponds to a volumetric resolution of 0.015 cm 3 . If air bubbles accumulate in the outflow tube during testing, a syringe is temporarily attached to the influent port to flush them out and then reposition the airwater interface to its location prior to flushing.
Testing Procedures and Recommended Protocol
This section describes procedures followed for the series of tests presented subsequently using saturated and unsaturated sand. More general testing protocols are also recommended and guidelines for estimating test parameters including outflow equilibrium time and appropriate shear rate to maintain drained loading conditions are provided.
Specimen Preparation and Saturation
The ceramic disk was first removed from the shear box, oven dried, and saturated with water by partially and then fully submerging it in de-aired, distilled water maintained under vacuum ͑ϳ80 kPa͒ in a glass vacuum desiccator. Disks were typically submerged for several hours or overnight and were checked for full saturation by observing whether or not air bubbles escaped under several cyclical applications of vacuum. The saturated disk was then encircled with the O-ring and pressed into the bottom half of the shear box. The top and bottom halves of the box were fixed to one another using locking screws located on opposite corners.
The shear box was removed from the loading carriage and placed on a high-frequency vibratory table. A known mass of airdry sand (see subsequent description of properties) was placed into the specimen mold in a series of three lifts and then densified to target conditions. A seating load ͑ϳ1 kg͒ was placed on top of the specimen to provide normal force and to confine the sand during vibratory densification. The change in specimen height was periodically checked to calculate corresponding porosity. After target porosity was reached, the final specimen dimensions were recorded, a coarse porous disk was placed on top, and the specimen was saturated by submerging the entire shear box under water in a vacuum chamber. The top of the specimen was held above the water line such that the wetting front was forced upward from the bottom of the specimen to provide a path for air escape. Final specimen height was measured to account for any volume changes that occurred during wetting.
Initialization
After saturation the shear box was placed on the loading carriage, and the horizontal loading ram and force transducer were connected, initialized, and zeroed; the flushing channel was saturated by circulating de-aired water through the influent and effluent ports using a syringe connected to the influent port ( Fig. 2(b) ). The influent port was then closed, and the outflow measurement tube and hanging column assembly were connected to the effluent port. The air-water interface was brought to a desired initial condition (near the left side of the graduated scale on Fig. 1 ) by injecting or withdrawing water into or from the outflow tube using the syringe.
For saturated shear testing, normal load was applied and shear-ing proceeded following a conventional approach. Shear rate was selected to maintain drained loading conditions following the general protocol described subsequently. For unsaturated shear testing, an increment of suction head was applied by adjusting the relative elevations of the water reservoirs. Movement of the air-water interface induced by drainage from the specimen was monitored to calculate corresponding equilibrium volumetric water content and degree of saturation. A post-test water content was determined by oven drying and used to corroborate water content derived from the outflow measurement. Outflow results were considered reliable if the difference between water content computed using the cumulative outflow measurement ͑ out ͒ and determined from post-test oven drying ͑ grav ͒ differed by less than 0.02 (e.g., Wang and Benson 2004) .
Estimating Outflow Equilibrium Time
The amount of time required for the system to come to equilibrium after applying a suction increment is governed by the impedance and corresponding drainage rate through the soil-ceramic system. Coarse-grained soils near saturation have relatively high hydraulic conductivity, and thus the total impedance of the system is dominated by the impedance of the ceramic disk. At higher suctions, the soil hydraulic conductivity may decrease by several orders of magnitude, and soil impedance becomes an increasingly dominant component of the system. A corresponding impedance factor ͑͒ can be calculated as (Fredlund and Rahardjo 1993) 
where: k w = soil hydraulic conductivity, k d = saturated hydraulic conductivity of the HAE ceramic disk, L s = length of the soil drainage path, and L d = thickness of the disk. Soil hydraulic conductivity k w varies as a function of saturation k w = f͑S͒ or matric suction k w = f͑͒ according to the hydraulic conductivity function (HCF).
Considering the nominal dimensions of the apparatus (L s = 2.5 cm and L d = 0.5 cm), a representative saturated hydraulic conductivity of the ceramic disk ͑k d = 3.1ϫ 10 −7 m/s͒, and a representative HCF for sand (see subsequent discussion), the impedance factor is less than 10 for soil saturations greater than about 60-70 %. Corresponding disk-dominated equilibrium outflow times estimated from the square of the drainage path length and the hydraulic diffusivity of the soil-disk system ͑t = L 2 / D͒ are less than about 30 min. At lower saturations ranging from 60 to 40 %, the soil-dominated response times range from ϳ30 min to 24 h. Response times for saturations less than 20-30 % approach several hundreds of hours. This significant time requirement and uncertainty regarding whether or not equilibrium may actually be reached via liquid flow at saturations in the pendular regime will generally preclude outflow measurements for soil saturations less than about 30 %. Measurements using the apparatus for soil saturation less than about 30 % are thus not recommended.
Selecting an Appropriate Shear Displacement Rate
To maintain drained loading conditions the shear box displacement rate must be slow enough to maintain dissipation of excess pore pressures. The amount of time required to fail the specimen ͑t f ͒ can be expressed in terms of the average degree of dissipation of excess pore pressure at failure (Bishop and Gibson 1963) as
where: L = thickness of the specimen, Ū f = desired degree of pressure dissipation, c v = soil coefficient of consolidation, and = parameter accounting for fluid flow impeded by the ceramic disk (Fredlund and Rahardjo 1993 
The coefficient c v is a function of suction and may be estimated as
where: w = density of water, g = gravitational acceleration, G s = specific gravity of the soil solids, e 0 = specimen void ratio prior to drainage, and b m = slope of the SWCC expressed as gravimetric water content versus matric suction.
An appropriate shear (relative lateral displacement) rate ͑ḋ h ͒ rate may be selected by estimating the lateral displacement at failure d hf and computing the corresponding time to failure using Eqs 4-6
Figures 3 and 4 illustrate a sequence of relationships recommended for estimating an appropriate shear displacement rate when the soil-water retention and hydrologic properties are not known a priori. Poorly graded coarse sand ͑SP c ͒ and well-graded fine sand ͑SW f ͒ were selected to bracket the more general behavior of typical sands (i.e., ranging from low air-entry pressure to HAE pressure and from drainage over a narrow suction range to drainage over a wide suction range). Representative SWCCs (Fig. 3(a) ) were generated using van Genuchten's (1980) model with representative fitting parameters (␣, n, and m)
where: S e = effective degree of saturation and S r = residual saturation. HCFs (Fig. 3(b) ) were modeled using the van GenuchtenMaulem (van Genuchten 1980) formulation and a representative saturated hydraulic conductivity ͑k s ͒ for SP c and SW f .
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Figure 3(c) shows corresponding impedance factors computed using Eq 3, where it may be seen that is less than 10 (diskdominated impedance) for suction less than about 10 kPa for the SW f sand. The impedance factor is less than 10 for suctions only up to about 2.5 kPa for the more freely draining SP c sand. Higher suctions in both cases result in significant drainage of the soil and reductions in soil hydraulic conductivity that lead to high impedance factors and soil-dominated response times that are quite large. For example, Fig. 4(a) shows shear displacement rate computed using Eq 7 as a function of matric suction required for 95 % dissipation of the excess pore pressure and relative lateral displacement at failure ͑d hf ͒ of 2 mm. Figure 4(b) shows displacement rates as a function of soil saturation. Based on these calculations, a shear displacement rate on the order of 1 ϫ 10 −4 mm/ s is recommended for general testing of sands at saturations ranging from 100 % to about 60 %. A displacement rate of the order of 1 ϫ 10 −5 mm/ s is recommended for saturations ranging from 60 % to 30 %. Tests at lower saturations are not recommended for the reasons described above.
Demonstration of Results

Test Material
Saturated and unsaturated shear tests were conducted using a sandy colluvium derived from Vashon Advance Outwash Sand collected from a coastal bluff near Edmonds, WA (Minard 1983) . Here, the U.S. Geological Survey (USGS) monitored the near-surface hydro- logical response to rainfall for a 5-year period until the site was damaged in 2006 by a shallow landslide that occurred under partially saturated conditions (Baum et al. 2005; Godt and McKenna 2008; Godt et al. 2009 ). Figure 5 shows grain size distribution determined using mechanical sieve analysis. More than 95 % of the material falls within the particle size range of 0.1-0.5 mm. Median grain diameter ͑d 50 ͒ is 0.25 mm, and coefficient of uniformity ͑C u ͒ is 1.9. Corresponding Unified Soil Classification System is poorly graded fine sand (SP).
Tests Using Saturated Specimens
An initial series of tests was conducted using sands sheared under saturated conditions. Air-dried specimens were compacted following the vibratory procedures described above and saturated by inundation under vacuum to an initial porosity of 0.41. Normal loads were applied to result in total stress ranging from 0.34 to 8.95 kPa. Shear displacement rate was set to a constant 4.2ϫ 10 −4 mm/ s (0.001 in/min) and continued to a maximum relative horizontal displacement (RHD) of ϳ8 mm, or ϳ12 % RHD ͓RHD = ͑horizontal displacement/ specimen diameter͒ ϫ 100͔.
Measurements of vertical displacement and shear force were recorded every 30-60 s using a personal computer and data acquisition software. The specimens were inundated during testing to ensure zero suction. Figure 6 is a plot of shear stress and vertical displacement versus lateral displacement for tests on saturated specimens at representative low, moderate, and high values of total stress. Shear stress response is characteristic of relatively loose sand with peak shear stress coinciding with large displacement conditions. Vertical displacement at test termination ranges from 0.3 % to 0.4 % contractive vertical strain. Ultimate shear stresses were estimated from the initial horizontal tangent to the stress-displacement relationships and used to construct the Mohr-Coulomb failure envelope shown in Fig. 7(a) 
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Copyright by ASTM Int'l (all rights reserved); Thu reflect the increasing role of interface friction or non-linearity in the envelope near the origin. Friction angles as high as 70°for clean sand at small normal stress levels have been reported (e.g., Sture et al. 1998) . Figure 7 (b) shows results obtained at relatively low normal stresses obtained using the modified DS apparatus together with results from three additional tests conducted at higher stress using a conventional DS apparatus and procedures following ASTM D3080-04 (2004) . Regression of the complete data set results in = 38.8°and c = 1.10 kPa if unforced and = 40.1°if forced through the zero intercept.
Tests Using Unsaturated Specimens
As summarized on Table 1 , a suite of 15 tests was conducted using unsaturated specimens of the sand. Specimens were subject to five magnitudes of matric suction ranging from a minimum of ϳ1.1 kPa to a maximum of ϳ7.8 kPa. Shearing at each of the five suctions was conducted under relatively low ͓͑ t ͒ avg = 0.33 kPa͔, moderate ͓͑ t ͒ avg = 1.90 kPa͔, and high ͓͑ t ͒ avg = 9.12 kPa͔ total normal stresses. Each of the 15 specimens was prepared by vibratory compaction to a target porosity ͑n 0 ͒ of 0.40, which after saturation resulted in porosity ranging from 0.372 to 0.423, with an average and standard deviation of 0.405 and 0.014, respectively. Variations in the magnitude of applied total stress within the groups of tests representing low, moderate, and high stress conditions reflect the effects of desaturation on the soil self weight stress and the variability in specimen thickness and initial porosity. Each specimen was brought from an initially saturated condition to target suction by applying a single suction increment with the hanging column apparatus and manually monitoring the pore water outflow until equilibrium was reached. Specimens were allowed to drain for 12 to 24 h or until movement of the air-water interface in the outflow tube was observed to be negligible. Figure  8 , for example, shows the cumulative effluent mass for specimens under high normal stress ͓͑ t ͒ avg = 9.12 kPa͔ and brought to suctions of 1.1, 2.1, 2.7, 5.1, and 7.8 kPa. The amount of time required for outflow equilibrium is less than 100 min for the specimen at the lowest suction (H-1.1) and ranges from 100 to 500 min (1.67-8.33 h) for the specimens brought to higher suctions.
Volumetric water content measured at equilibrium and corre- 
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Copyright by ASTM Int'l (all rights reserved); Thu sponding saturation calculated from the outflow volume are summarized on Table 1 . With the exception of test L-7.8, which was appreciably denser ͑n 0 = 0.372͒ than the target porosity, degree of saturation ͑S͒ at the largest applied suction ͑ = 7.8 kPa͒ was 0.18-0.24. Figure 9 is the SWCC of the sand calculated along the main drying path from the equilibrium volumetric outflow measurements. The solid line is a best fit to the experimental data using the van Genuchten model (Eq 8) with fitting parameters determined using the RETC least-squared regression algorithm (van Genuchten et al. 1991) . The inverse of parameter ␣ ͑0.361 kPa −1 ͒ approximates the air-entry pressure of the sand and is in this case equal to 2.8 kPa. The two highlighted data points falling most appreciably above the trend line correspond to specimens L-5.1 and L-7.8. These were compacted to relatively low initial porosity ͑n 0 Յ 0.386͒ and would therefore be expected to retain a greater amount of water with increasing suction, which is what may be observed here. The maximum difference between the outflow-based equilibrium water content ͑ out ͒ and the volumetric water content determined gravimetrically by post-test oven drying ͑ grav ͒ was 0.038 (Table 1) . Average difference for the suite of 15 tests was 0.017, corresponding to a 6 % difference). Figure 10 is a direct comparison between out and grav for each of the 15 tests. The good agreement between these values illustrates the reliability of the outflow measurement system and the corresponding SWCC.
Based on the generalized analysis for representative sands described above, lateral displacement rate for the shearing phase was set to a constant of 5 ϫ 10 −5 mm/ s for tests conducted at soil saturations greater than 0.8. Lateral displacement rate of 2 ϫ 10 −5 mm/ s was used for saturations less than 0.8. For a typical test conducted to a total lateral displacement of about 6 mm, shearing tests at these rates required 30-80 h to complete. Figure 11 is an example of shear stress and vertical displacement response for tests using unsaturated specimens at a moderate total normal stress level ͓͑ t ͒ avg = 1.90 kPa͔. Unlike the results for tests conducted under saturated conditions and at the same initial porosity noted above, the shear stress response exhibited peak and softening behavior more generally characteristic of dense sand. Peak shear stress occurred at lateral displacement ranging from a minimum of ϳ0.75 mm for the test at matric suction of 1.1 kPa, where the magnitude of peak shear stress was lowest, to a maximum of ϳ1.3 mm for the test at matric suctions of 2.7 and 7.8 kPa, where the magnitude of peak shear stress was highest. Vertical displacement was initially null or slightly contractive for lateral displacement less than ϳ0.5 mm and then became dilative at larger displacement. While residual conditions appeared to be reached at lateral displacements of about 3 mm, vertical displacement continued to accrue to lateral displacements as large as 6 mm at test termination. The magnitude of vertical displacement at test termination ranges from 1 % to 2 % vertical strain. It should be noted that these apparent vertical displacements may not represent true soil behavior but rather could be an artifact of rotation of the top cap at large lateral displacement (e.g., Bareither et al. 2008 ). An attempt was made to determine pore volume changes during the shearing phase by monitoring the air-water interface in the outflow tube. During a typical test volume of water in the tube decreased by about 0.13 cm 3 per day (ϳ0.2 % of the initial pore volume), which FIG. 9-SWCC and corresponding van Genuchten (1980) would support the occurrence of continuing dilation, but these results were inconclusive due to the presence of air bubbles in the outflow tube that could not be flushed during shearing. Additional modifications using an alternative displacement measurement approach (e.g., multiple LVDTs) could clarify these effects. Peak ͑ p ͒ and large-displacement ͑ u ͒ shear stresses were estimated from the stress-displacement response (Table 1 ) and used to construct the peak and large-displacement failure envelopes in − space shown in Fig. 12(a) and 12(b) . Dashed lines at matric suctions of 1.5 and 3.5 kPa delineate the range of the air-entry suction (AES) approximated by observation from the SWCC (Fig. 9) and by considering the inverse of the fitting parameter ␣ −1 = 2.8 kPa. Open circles at matric suction of zero were calculated from the Mohr-Coulomb parameters ( = 38.6°and c = 0.85 kPa) obtained for saturated samples determined by least-squared regression for normal stress less than 9 kPa (Fig. 7(a) ). Figure 13 shows peak stress failure envelopes in − space for tests conducted at the five levels of matric suction applied.
The results are generally consistent with expected trends in the behavior of unsaturated coarse-grained soils. Shear strength increases with increasing matric suction for suctions less than the AES. The peak stress failure envelopes (Fig. 12(a) ) exhibit nonlinear behavior with an apparent peak in mobilized shear strength occurring near the range of the air-entry pressure ͑ ϳ1.5-3.5 kPa͒. Peak shear strength then decreases with increasing suction and trends back toward the strength measured under saturated conditions. This decrease reflects the gradual decoupling between matric suction and suction-induced intergranular stress as pore water drains from the specimen (e.g., Lu and Likos 2006) . The increases in peak strength with increasing matric suction prior to air-entry are significant. For example, the initial slope of the p − envelope for ͑ t ͒ avg of 9.12 kPa corresponds to a friction angle of about 75°, which is significantly higher than that corresponding to the p − t failure envelope under saturated conditions of 38.6°. The source of this high friction angle may be related to dilative effects similar to that observed for saturated or dry sands at low normal stress (e.g., Sture et al. 1998) but is not at present clear. The largedisplacement strength envelopes do not exhibit similarly large increases and corresponding peaks near the air-entry pressure but rather are relatively flat over the measured range and roughly parallel to one another, indicating that the effect of matric suction on large-displacement shear strength is minor. Envelopes in − space (Fig. 13 ) appear to be grouped into two roughly parallel groups. The first group includes tests conducted at average suctions of 1.12, 5.11, and 7.80 kPa, which are all less than or greater than the peak range of suction noted above. The slope of these envelopes corresponds to a friction angle of about 39°, which is in close agreement with the friction angle determined over the same range of normal stress under saturated conditions. The second group includes tests conducted at average suctions of 2.10 and 2.70 kPa, which are within the range of peak suction noted above. The slope of these envelopes corresponds to a friction angle of about 55°. The fact that the envelopes within each group are roughly parallel indicates that friction angle is essentially independent of matric suction, which has been observed previously in the literature for a range of soil types (e.g., Escario 1980) .
Concluding Remarks
This paper presents a series of modifications made to conventional laboratory DS testing equipment for measuring the peak and largedisplacement strength behavior of unsaturated sands at low values of matric suction and net normal stress. Matric suction ranging from zero (saturated) to about 10 kPa is directly controlled using a hanging column assembly and HAE ceramic disk integrated into the base of the shear box. Net normal stress ranging from about 0.3 to 10 kPa is controlled using a series of aluminum top caps machined to varying thicknesses and placed as dead loads directly on the specimen. Equilibrium water content of the specimen under applied suction increments is measured volumetrically using a smallbore outflow tube integrated into the hanging column assembly. Shear strength behavior may be determined using either multiple specimens tested at various combinations of ͑u a − u w ͒ and ͑ − u a ͒ or a single specimen subject to a multistage stress path. The SWCC is concurrently obtained as part of the shear testing program.
Recommended procedures and performance of the modified apparatus are demonstrated using test results for saturated and unsaturated specimens of poorly graded fine sand. Comparisons between post-test gravimetric water content measurements and cumulative water content measurements based on the outflow response indicate the reliability of the outflow measurement approach. Failure envelopes describing the relationship between shear strength and matric suction are non-linear and exhibit peak shear strength at matric suction within the range of the AES. High friction angles ͑ϳ75°͒ measured for the initial portion of the − envelope may indicate the effects of dilation on the strength development. Failure envelopes describing the relationship between shear strength and net normal stress fall within two roughly parallel groups corresponding to suctions prior to the peak suction and suctions after the peak suction. These observations demonstrate the potentially complex response of unsaturated sands under conditions of relatively low confining stress.
